, a magnetic equivalent circuit (MEC) was derived to model the steady-state performance of wound rotor synchronous machines (WRSMs). A goal of the model was to provide flexibility and a low computational burden to enable its use within population-based algorithms, which have been gaining popularity as a tool for electric machine design [2] [3] [4] [5] [6] [7] . In this research, the MEC developed in [1] is used as a basis to derive a model that efficiently predicts the dynamic behavior of WRSMs. This is motivated by the fact that in many designs, dynamic performance is of interest. For example, to determine the voltage regulation characteristic of machine-diode rectifier systems requires one to model subtransient behavior [8] , [9] . In addition, in some applications, the subtransient inductances are constrained in an attempt to limit fault current. The impact that the constraints on inductance/fault current have on machine mass and efficiency has not been explored. The proposed model is intended to enable such exploration. Manuscript One can argue that several researchers have proposed MECbased dynamic models for WRSMs. For example, in [10] and [11] , Slemon introduced what he referred to as a λ-i model, in which duality arguments are used to convert the steady-state MEC and damper bar current/flux linkage relationship into a dynamic electrical circuit consisting of inductors and capacitors. Although dualities can offer convenience, the proposed model structure relies on numerical differentiation to establish the coupling between the machine model and external circuits. This is not favorable for design studies requiring large numbers of evaluation owing to the ill conditioning of difference-based derivative approximations. In addition, the convergence behavior of the proposed model in saturation is unknown.
In [12] , a gyrator circuit is used to couple the dynamic electric model of the stator and field windings to the MEC of the core so that the WRSM is represented using current-controlled voltage sources and capacitors. To structure the machine model in a gyrator form, winding flux and the rate of change of flux are taken to be analogous to electric charge and current, respectively. Although potentially convenient, a gyrator approach is generally limited to those who intend to use circuit solvers, such as SPICE [13] or PLECS [14] , to implement the model. In addition, in [12] , the method to include saturation is to set the relative permeability of several iron elements to low values that are constant, rather than to determine values of permeability numerically within the simulation. This approach is more applicable for an analysis of a single machine in which flux levels are known a priori, rather than a design environment without such knowledge.
In [15] , a nodal-based steady-state MEC model of a WRSM is differentiated with respect to time so that node potentials and winding currents are treated as state variables, which is a technique for creating general dynamic MEC models proposed in [16] . A challenge with this approach is numerical convergence, which was cited in [15] and has been identified as an issue in nodal-based MEC formulations in general [17] . Methods to address convergence using relaxation factors have been proposed [15] , but add complexity and computational cost.
In this research, Faraday's Law is used in tandem with the mesh-based MEC expressions to establish a system of differential and algebraic equations. This general approach has been applied in the dynamic models of machines using nodal-based MECs [18] [19] [20] [21] [22] , but has received limited attention in design owing to convergence issues. The judiciously restructured/scaled mesh-based model proposed herein has the strong convergence properties necessary for population-based design. Indeed, the model is solved without the need for a relaxation factor to obtain convergence. This is an attribute of mesh-based models in general over their nodal-based counterparts [17] [18] [19] [20] [21] [22] [23] . A preliminary form of these equations was presented in [24] to model machines without active damper bars.
It is noted that a key in transitioning from a steady state to dynamic MEC of the WRSM is modeling the flux behavior associated with active damper bars. Toward this objective, permeances are derived to represent the flux distribution of a damper winding structure that consists of an arbitrary number of bars of arbitrary radius with/without end connections between poles. This enables a designer to explore alternative damper winding topologies as a part of an optimization. The resulting model is readily coupled to models of external balanced or unbalanced electrical circuits, including passive or active rectifiers. The model is validated through comparison with hardware experiment as well as a finite element-based model.
II. ENHANCED MEC NETWORK
The dynamic MEC-based model is designed to predict the performance of a salient-pole WRSM with an arbitrary number of poles, integer number of slots/pole/phase, and damper bars. An example cross section of a 4-pole WRSM with three damper bars is shown in Fig. 1 . The q-, d-, and as-axis of the machine are also listed. It is noted that mechanical rotor position θ rm is defined by the position of the q-axis with respect to the as-axis.
An initial network of the proposed MEC is shown in Fig. 2 , wherein loop flux Φ is defined in the clockwise direction. Regarding the network, the reluctances of the stator leakage (R TL ), stator yoke (R Y ), rotor fringing (R RF and R RFB ), rotor interpolar region (R RPL ), rotor shank (R RSH ), rotor yoke (R RY ), and the nonzero airgap reluctances (R ag ) at the respective θ rm are identical to those developed for the steady-state model in [1] . The stator teeth are divided into the stator tooth shank (R SH ) and stator tooth tip (R TT ). The logic to establish stator tooth and rotor section overlap in [1] is applied with the geometry of the tip included. Details of the stator teeth reluctances and overlap logic with stator tooth tips included are provided in [24] .
The uniqueness of the MEC network for the dynamic model is centered on the reluctance network of the rotor pole tips. A goal is to develop a general model that can be applied for arbitrary number of damper bars and also at their arbitrary positioning (with some limitation), both horizontally and vertically. An issue that is often confronted by manufacturers is that a single lamination is used across a large product range. Thus, damper bar holes are often included in rotor laminations, but in some products left unfilled. Within the model, provisions are included to represent damper bar holes that are inactive and those that are active. It is noted that herein the term "pole tip" is used to describe the entire magnetic region above the pole shank. This region is also referred to in the literature as the "pole shoe" or "pole face."
To consider the case where they are inactive, it is convenient to view the MEC shown in Fig. 2 and the rotor pole structure shown in Fig. 3 . Therein, it is shown the flux tubes that represent the rotor pole tip include the "inner" pole tip (R RTIi ), the "outer" pole tip (R RTOi ), and the "outer end" of the pole tip (R RTEi ). Within the model, it is assumed that to the left and right of the rotor shank flux mainly flows tangentially and directly above the rotor pole body, i.e., flows radially. If an outer section includes a damper hole, the value of R RTOi is derived assuming the tube geometry is a rectangular section of steel with a cylindrical damper hole at the center. This has been found to provide a reasonable estimate of the tangential flux flow in the outer sections. A similar approach has been applied to calculate R RTIi when a damper hole is included within the inner pole region. Details of the derivation of these tube reluctances and validation with finite element analysis (FEA) are outlined in [24] . For use in subsequent descriptions, it is convenient to provide the value of
For the case in which the damper bar currents are active, the MEC network in the rotor changes appreciably as shown in Fig. 4 . Specifically, it is observed from 2-D FEA that a leakage path exists around a damper hole and the leakage flux varies appreciably according to the depth of damper hole. Therefore, if an outer section R RTOi includes an active damper bar, then the section is represented using a parallel combination of two reluctances R RTOi * and R RLOi . The reluctance R RTOi * is used to represent a main path in which flux flows in the same direction of R RTOi . The reluctance R RLOi is used to represent a leakage path around a damper bar.
A. Flux Tubes of Rotor Pole Tip Leakage
Prior to deriving the rotor pole tip leakage, it is interesting to note that in the MEC-based literature on synchronous machines, the specific details of how the pole tip leakage is calculated/treated is relatively sparse. For example, in [10] , a leakage reluctance is shown, but the expressions used in the calculation and the impact of saturation are not addressed. More details related to the derivation of rotor slot leakage per- meances is found in the literature focused on induction machines, for example [25] . In [25] , leakage permeance/inductance derivations are found for numerous rotor slot geometries. Several of these, along with some analysis of calculating the inductances of synchronous machines, are also considered in [26] .
Herein the focus is on the case in which the geometry is a closed cylindrical slot. To derive R RLO1 , the section R RTO1 is highlighted in Fig. 3 and enlarged in Fig. 5 to illustrate the configuration of the rotor pole tip leakage flux tube.
An assumption is made that the leakage path can be broken into three parallel components. P 1 represents the leakage path through the damper slot, with a radius of r dt . An analytical derivation of a cylindrical slot flux tube surrounding by steel, assuming uniform current density within the slot, is derived in [26] to be μ 0 l π 6 + 5π 16 . A similar expression is provided in [25] . P 2 represents the leakage path in the steel primarily above the slot. It is assumed that the permeance is an arc shape with a cross-sectional area that corresponds to the narrow iron bridge depth multiplied by the length of the machine. It is this area (ld dp ) that is used to determine the relative permeability of the flux tube. Thus, due to saturation, it is this bridge region that dominates the permeance value. To account for some additional reluctance in the path through the steel around slot but outside the narrow bridge region, the length of the P 2 permeance is taken to be one-half of the distance around the slot. It is noted that within this paper, a variable α dp is used to describe the vertical position of the damper holes with respect to the section height. Specifically at α dp = 0 or α dp = 1, the damper holes are located at the top or the bottom of the rotor pole tips, respectively. Thus, the depth of the damper hole d dp is equal to α dp (h RTO1 − 2r dt ). P 3 represents the portion of a circular leakage path in which the magnetomotive force (MMF) drop in the steel is neglected and only the portion in the air is considered. It is recognized that this tube is an approximation since the flux lines cannot approach the stator teeth tangentially. A similar tube geometry was used in [26] for the analytical calculation of synchronous machine inductances.
Combining the terms, the reluctance of damper slot leakage R RLO1 for the cylindrical tube can be expressed as
where μ is the magnetic permeability in the steel, and μ 0 is the magnetic permeability in air. As previously noted, the flux path P 2 is within steel wherein saturation is represented. Indeed, saturation is represented within all magnetic components by calculating the respective tube permeability at each time step. Details of the respective nonlinear solution are provided in Section III. Finally, it is noted that the leakage permeance calculations are performed assuming the current in the conductors is uniform. Eddy currents within the damper bars are neglected. Developing a method to include such effects within the model is an area of active research. Once the leakage is determined, the value of R * RTO1 is then calculated in a way to keep the parallel combination of it and R RLO1 to be the same as R RTO1 . Doing so, the reluctance of R * RTO1 can be expressed as
One can observe from Fig. 4 that in the outer pole sections, the two reluctances are placed in parallel by assuming that the reluctance in the vertical direction is negligible. As for those rotor sections without damper bars (e.g., R RTO2 and R RTO3 ), the total reluctance of the section is decomposed into two equivalent reluctances placed in parallel in the rotor pole network. For instance, the rotor section R RTO2 is decomposed into two branches, that is R RLO2 and R * RTO2 , in the reluctance network, with values R RLO2 = R * RTO2 = 2R RTO2 . For an inner section with a damper bar, a leakage reluctance R RLIi calculated in the same fashion of R RLOi is added in between the adjacent two inner sections R RTIi .
In practice, the topology of the network in Fig. 4 can be applied to machines without active damper bars by simply removing all of the rotor pole tip leakage reluctances and the MMF sources of damper currents.
B. Damper Bar Placement
In general, the rotor pole tip can be discretized into a userdefined arbitrary number of sections. The number of damper bars is also a user-defined arbitrary number. If the number of rotor pole tip damper bars is an odd number, then one of the bars is located in the center of the most inner two R RTI sections. Otherwise, with an even number, there is no hole in the center of the most inner two R RTIi sections, but they are symmetrically distributed on the two sides of the rest of the rotor pole sections. Within the design program, the horizontal distribution of the damper bars is described using a damper winding vector as In addition, the vertical depth of the damper bars can be assigned by adjusting the scaling factor α dp . Therefore, the proposed MEC model provides the ability to investigate both horizontal and vertical placement of the damper bar in the rotor pole tips.
It is noted that the slot openings in the rotor shank are not used for damper bars but to bind the rotor laminations and confine the field windings. The reluctances of the shank sections that contain a binding hole are obtained assuming a rectangular section with a center cut hole.
III. DYNAMIC MEC SOLUTION

A. KVL MEC Model
In previous research, it has been shown that only a single pole is required for analysis of an integer slot/pole/phase machine [23] . Therefore, the dynamic MEC network shown in Fig. 4 shows only a single-pole span. Often, MEC models are structured to explore steady-state behavior, in which case the model is structured to accept stator and rotor currents as inputs.
Once reluctance values in the network have been determined, a system of nonlinear algebraic equations related to each loop is then established based upon KVL as
where A R is a symmetric matrix composed of reluctances, ϕ l is a vector of loop fluxes, F l is a vector of MMF sources that result from the currents, and nl is the number of loops in the MEC network. The loop flux vector ϕ l can be expanded as
where the subscripts "st," "rt," "ag," and "rp" indicate loop fluxes in the stator, rotor, airgap, and rotor pole tip leakage respectively, and the subscripts "ns," "nr," "na," and "np" denote the number (per pole) of the stator slots, rotor loops, airgap loops, and rotor pole tip leakage loops, respectively. The source vector F l can be expressed as
The MMF source in the stator loops is given by (8) where i abcs is a vector of balanced stator currents and the turns matrix N abc is built using the a-, b-, and c-phase turn vectors. The MMF in the rotor that enclose the field winding is given by
where I fd is the field current and N fd is the number of field turns. Due to the use of single-pole symmetry, the sign of the rotor MMF changes with rotor position. The last element in F l , i.e., F rp , represents the damper winding MMF sources within the meshes of the rotor pole tip leakage loops. It can be expressed as
where "nd" denotes the number of damper bars on a rotor pole tip. F (np×1) rp (j) is the jth rotor pole tip leakage loop MMF, and i (nd×1) dp (k) is the kth damper winding current. N (np×nd) dp (j, k) indicates the number of damper winding turns, which has a value of 1 if the kth damper winding current is in the jth rotor pole tip leakage loop and, otherwise, has a value of 0. For example, for the geometry shown in 
The derivation of dynamic system equations in the remainder of this section is based upon a configuration in which there is a pole-to-pole connection between the damper bars. However, the proposed model is readily modified to the case in which damper bar connections are only made on a single pole by using the fact that under this condition the damper winding currents satisfy the relationship i dp (nd) = −
Using (12), one can see that only i dp (1), i dp (2), i dp (nd − 1) is needed and all of the entries of the mth row of the matrix N dp are -1, where m is the rotor pole tip leakage loop index in which i dp (nd) is present.
B. Dynamic System Equations
Prior to deriving the dynamic model, it is convenient to view the intended dynamic model structure in the block diagram form shown in Fig. 6 . Therein, it can be seen that a dynamic model is obtained by first restructuring the KVL MEC system of equations so that stator and damper winding flux linkage is used as an input to the MEC model, and stator and damper winding From Fig. 6 , unlike the stator and damper winding currents, the field winding currents remain an input to the MEC derived herein. This is used to consider machines in which the field winding is coupled to a power electronic circuit that acts as a current source. For the case in which the field winding is connected to a power electronic circuit that appears as a voltage source (i.e., a rotating rectifier exciter), the field winding dynamics are readily included using a similar approach that is applied to the stator and damper windings.
As a first step in restructuring the MEC model, (5) is expanded as A R ϕ l − N l,abc i abcs − N l,dp i dp =N l,fd I fd (13) where the turn's matrices are defined as
Next, the system matrix A R in (13) is augmented so that the loop flux is not only related to the MMF sources but also to the flux linkage. To do so, the stator flux linkage is first expressed as
where P is the number of poles. A matrix M l,dp is used to relate the damper bar flux linkage (which is identical to flux since there is only a single turn) to the loop fluxes φ l . Specifically,
where λ dp is the net flux linkage (flux) between two adjacent damper bars. The net flux crossing damper bars is readily established through inspection of the circuit. In general, it can be shown that the only contributions to the net flux are from the loop flux that circulates around the two corresponding damper bars. For example, from Fig. 4 , the net flux between bars 1 and 2 can be expressed as λ dp,1 = φ rp1 − φ rp3 . The net flux between bars 2 and 3 can be expressed as λ dp,2 = φ rp3 − φ rp5 . The net flux between bar 3 and the first bar in the next pole is obtained using symmetry. Specifically, the loop flux of the first damper bar in the next pole is the opposite of φ rp1 . Therefore, λ dp,3 = φ rp5 + φ rp1 . Thus, for the circuit shown in Fig. 4 , the relationship between loop fluxes and damper flux linkages can be expressed as ⎡ ⎢ ⎣ λ dp,1 λ dp,2 λ dp,3
Straightforward logic is used to generate the matrix for an arbitrary damper structure. From the first two steps, the MEC system of equations for the dynamic model is expanded as
where I is an identity matrix. To simplify further, the stator windings can be transformed into an arbitrary reference frame using the following transformation:
where θ is the reference frame position, and f can be voltage (v), current (i), or flux linkage (λ).
Applying the arbitrary reference frame transformation to (20) , the MEC equations for the dynamic model can be expressed as
where
i dp = f scale i dp,scl (24) and f scale is a user-defined scaling factor that is used to increase the magnitude of the smallest terms to avoid an ill-conditioned system matrix. In practice, with f scale = 10 3 , it has been observed that potential ill-conditioning is eliminated.
In comparing (22) to the block diagram in Fig. 6 , relations among the notations are
−f scale N l,dp (25)
The permeances of all flux tubes representing steel sections are functions of the flux density in the respective tube. A Newton-Raphson method is used to solve (22) for the loop fluxes and currents. To establish the magnetic operating point, the flux density in each steel element is then calculated using Kirchhoff's laws and the respective cross-sectional area of the tube. By basing the model on the mesh-based form of (5), the numerical solve is accomplished without a relaxation factor [17] [18] [19] [20] [21] [22] [23] , which is particularly convenient for machine design where large numbers of model evaluations are often required. The Jacobian matrix of (22) is expressed as (28) shown at the bottom of the next page where A dyn is the augmented system matrix in (22) , and D R is a matrix that contains the partial derivation of the network reluctances with respect to the loop fluxes. Derivation of D R is provided in [1] .
The next step in the dynamic model development is to establish the state equations of the system that enable calculation of the flux linkages that are inputs in (22) . The derivation of the state equations is divided into two parts, one for the rotor electrical system, and the second for the stator electrical system. To help describe the state equations for the rotor, the electrical connection circuit shown in Fig. 7 is used. Within the circuit, r dp,k is the resistance of each damper bar, and r e,k is the resistance of the connection end between bars. From Ohm's and Faraday's laws, the damper winding currents are related to the flux linkage crossing each of two bars as follows:
pλ dp =T dp i dp (29) where p = d/dt is the Heaviside operator for differentiation, and T dp can be expressed as T dp = ⎡ ⎢ ⎣ r dp,1 + r e,1 −r dp,2 − r e,1 −r e,1 r e,2 r dp,2 + r e,2 −r dp,3 − r e,2 r dp,1 + r e,3 r e,3 r dp,3 + r e,3 ⎤ ⎥ ⎦ . where the stator voltage v qd0s can be either be a user-defined input or calculated from an external circuit model. Numerical integration is used to solve (29) and (31) for the damper and stator winding flux linkages, given the stator winding voltages, stator winding currents, and damper bar currents.
C. Performance Calculation 1) Electromagnetic Torque:
The expression for electromagnetic torque is derived from the field energy as [27] T e (φ, θ r ) = P 2 2 na j =1
where P agj is the jth airgap permeance and the number of airgap permeances changes with rotor position. It is noted that field energy is used since the independent variables are flux. If the independent variables are current, the coenergy would be used to calculate torque.
2) Power Loss:
The total machine loss is represented as
where P res is the total resistive loss in the machine, and P core is the core loss in the stator and the rotor. It is noted that friction and windage losses are neglected within the model. The resistive loss is calculated as
where r dp,k and i dp,k are the resistance and current of each damper bar, respectively, and r e,k and i e,k are the resistance and current of the connection end between bars. Calculations of core loss are based on a modified Steinmetz equation (MSE) highlighted in [1] . Specifically, within the equations, the flux density is solved at each of the branches in the MEC network, and the derivative of flux density is computed through numerical differentiation using an Euler formula.
∂i qd0s,scl − ∂f scale N l,dp i dp,scl ∂i dp,scl
− f scale N l,dp 
IV. VALIDATION
A three-phase 10-kW WRSM that is designed to operate at 1800 r/min has been used for hardware validation. A view of the cross section of the stator and rotor laminations is shown in Fig. 8 . The geometry of the stator and rotor laminations, as well as the measured values of stator and field resistances are listed in Table I . In the rotor geometry, there are five damper slots with unequal radii filled with copper. Dimensions and resistances of the damper bars and end connections are shown in Table II . It is noted that the temperature of the stator and rotor are measured by wireless temperature sensor so that the resistance values can be calculated at loaded condition.
The BH curve of the steel material used in laminations is characterized using the fit equations developed in [28] , in which μ r , α k , β k , and γ k are the parameters with values listed in Table III . The values of the parameters that are used in the MSE to calculate core loss are listed in Table IV. Within the model, any one of a number of ordinary differential equation (ODE) solvers can be used to solve (29) and (31). In the studies performed, a forward Euler approach was used with a time-step set to 16.7 μs. The overall model solution time required on the order of 6.3 s of computer time to calculate 16.7 ms of simulated response (one electrical cycle) using a PC with two cores. No relaxation factor was used in the NewtonRaphson solver.
For validation, a series of experiments was performed. In the first, the machine was operated under open-circuit conditions at rated speed. The line-to-line voltage waveforms for field current equal to 7 A are shown in Fig. 9 . Therein, it can be seen that there are significant slot harmonics in both measured and MEC waveforms. This is due to the fact that neither the stator slots nor the rotor poles are skewed.
In a second experiment, the WRSM was operated at rated speed and stator windings connected to Y-connected balanced three-phase parallel RL (resistance and inductance) loads that have 0. Table V .
It is important to note that within the MEC model, the electromagnetic torque is calculated, not the input torque. In addition, the core loss is not within the dynamic model, but rather it is obtained as a part of postprocessing calculations. Thus, input torque from the MEC model was estimated using T in avg = T e ω rm + P mech + P core ω rm (35) where P core is core loss, ω rm is the mechanical rotor speed, and P mech = 303 W is the rotational loss that was measured experimentally at no load conditions. The output power within the MEC model is calculated using
where the calculation of P res is shown in (34). In practice, the brushes attached to the rotor slip ring increase the total field resistance shown in Table I by 1 Ω.
From the results in Table V , there is a strong correlation between the model and hardware results. The error is approximately 6% at low load, and 3% at full load. A study of the power loss components is shown in Table VI, in which P s+f is the resistive loss in the stator and field windings, P core is the core loss, and P dp is the damper loss. The difference between the measured and predicted P s+f values is caused by the difference between measured and modeled stator currents. The measured P core+dp is calculated by subtracting P s+f and P mech from the total power loss. One might see that the predicted P core+dp val- ues are slightly lower than the measured values. This is due to the fact that in practice the field winding is sourced from an auxiliary winding on the stator that includes a rectifier/voltage regulator, which is not modeled in the MEC. It is also noted that within the MEC loss calculations, the resistance of all conductors was taken to be the respective dc value. An ac loss could be incorporated into the model by calculating the ac resistance, given one has the respective frequency within the conductor.
The line-to-line voltage at rated output power is shown in Fig. 10 , in which the difference between the RMS values is approximately 5%.
As another experiment, a standstill frequency response test [29] was applied to obtain qd-axis operational impedances. This test was motivated by the fact that in many cases, the subtransient inductances are used in design specifications. In addition, the switching behavior of the diodes in machine-rectifier systems is a function of the subtransient inductances [8] , [9] . To perform the experiment, a function generator was connected to a power amplifier, which was used to provide ac voltage in a range of frequencies from 0.1 to 1 kHz.
Prior to describing the results, it is noted that in the physical construction, connections between damper end bars is made through copper plates that are connected to each end of the rotor. In constructing the machine with these plates, an additional conductive path is created through the rotor shaft, which was not modeled.
The magnitude of the operational impedance between hardware and the MEC is shown in Fig. 11 . The highfrequency asymptote of the operational impedances corresponds to subtransient impedances. The low-frequency asymptotes correspond to magnetizing impedances. Comparing results from the MEC model with measurement, the d-axis data matches very well. However, a discrepancy does exist in the q-axis. At low frequencies (below 0.4 Hz), the measured and predicted values match closely.
At midfrequencies (between 0.4 and 20 Hz), the experimental data begins to deviate. This is attributed to the additional con- duction path that exists between the copper plates and the rotor shaft. These components provide a path for q-axis current which is not modeled in the MEC. To confirm this conjecture, a 2-D FEA model with and without eddy currents in the damper bars was created and used to obtain q-axis (and d-axis) operational impedances. Comparing the FEA and MEC curves, the match is very strong through the midfrequency range. At higher frequencies (above 100 Hz), a slight difference exists between the FEA and MEC impedances. This is likely caused by a difference between the actual pole-pole leakage flux and that predicted using the flux tubes of the MEC. It is also noted that at high frequencies, the measured q-axis impedance drops more significantly than both the FEA-and MEC-based curves. This is mainly attributed to the eddy currents in the shaft/copper plates. Finally, it can be observed that for this machine, the inclusion of the eddy currents within the damper bars has a relatively small influence on the operational impedances over the frequency range that is of typical interest. As one would expect, the MEC matches more closely with the FEA in which eddy currents are not included.
As shown in Section II, the reluctance of the rotor pole tip leakage is a function of the depth of the damper bars. Therefore, in order to study the influence that damper bar placement has on the operational impedances, two additional machines were modeled in MEC and FEA. In these two machines, the geometries of the hardware-based machine were used. However, the depth of bars was adjusted by modifying the scaling factor α dp . In the first case, the bars were positioned relatively deep into the rotor tips by setting α dp = 0.5, which provides for a leakage flux path with relatively small reluctance. In the second case, the bars were placed at the top of the rotor tips very close to the airgap by setting α dp = 0.0001, which nearly eliminates the low-reluctance leakage flux path around the damper bars. The frequency responses obtained are provided in Figs. 12 and 13 .
In Fig. 12 , one observes that the MEC and FEA models match very well. One can note that under this design, the q-axis impedance is nearly constant. This is attributed to the fact that the damper leakage inductances are relatively large. In Fig. 13 , there is a small difference in the high-frequency asymptote in the q-axis curve. This is again attributed to the fact that there is some leakage in the region between the poles that is not represented within the MEC model, and thus, the leakage inductance is slightly under estimated.
As a final study, the response of the machine to a bolted three-phase fault at the stator terminals was predicted using the MEC and an FEA model, in which eddy currents are included in the damper conductors. For the simulation, the machine was brought to a steady state, with the field voltage set to 17.55 V, and the load resistance set to 3.548 Ω. At 0.083 s, a three-phase fault is applied across the stator terminals. The resulting phase-a stator, q-and d-axis stator, and field current responses to the fault are shown in Figs. 14-17. From the figures, one can observe that the responses predicted between the models match well.
The MEC response was calculated within MATLAB using a Dell PC with an Intel Quad CPU Q9650 processor. To calculate, the response requires roughly 2 min of CPU time for 0.3 s of simulated time. Using the same computer, the FEA response, which was calculated using the commercial package Maxwell, requires greater than 24 h.
Within Section I, it is stated that a goal of the model was to enable the design of machines in which transient dynamics are included directly or indirectly (i.e., diode rectifier) within the performance specifications. The relatively low computational burden of the model enables one to establish a design space in which the stator/rotor/damper geometry, material properties, and windings are design variables. The model is then used to establish the Pareto front (tradeoff space) between for example mass and steady-state loss. By calculating the front as transient performance specifications (i.e., stator fault current limits) are varied, one can assess the impact that they play on the overall size and efficiency of the machine.
V. CONCLUSION
In this research, a mesh-based dynamic MEC model for WRSMs is presented. The model enables one to include the dynamics of an arbitrary number damper bars at adjustable depths, which provides the ability to include damper winding geometry within machine design optimization. The dynamic model is structured to accept terminal winding voltage as input, which leads to relatively straightforward coupling with external circuits. In addition, the evaluation of machines in saturation is straightforward and computationally efficient due to the use of a mesh-based formulation (as opposed to the traditional nodal based). Comparisons between the MEC, hardware, and FEA results match reasonably well. The resulting model provides a reasonably accurate and computationally efficient method of evaluating arbitrary machine designs and, thus, is attractive for use in population-based designs of salient-pole WRSMs.
